T he nitrogen-vacancy (NV) center in diamond is a rich testbed for quantum information: it is a promising source of single photons 1, 2 and can implement the two-qubit controlled-rotation gate (CROT). 3 Two properties are key to its success: the triplet electronic ground state can be spin-polarized to S z by optical radiation to initialize the qubit, 4 while the higher fluorescence from S z reads out the qubit state optically. 5 The leading mechanism for these properties has been intersystem crossing to the 1 A 1 or 1 E singlets, and recently this was shown to indeed produce S z spin polarization if 1 A 1 is the lowest singlet; 6,7 however previous calculations disagreed on their energies and ordering. 8, 9 Here we show that 1 E lies below 1 A 1 using fully correlated configuration interaction calculations. With our current understanding, intersystem crossing would then cause S x and S y spin polarization, contrary to what is observed. Thus NV qubit initialization and readout must use presently unknown physics. If something so fundamental to the operation of the NV center is yet to be unraveled, there must be much left to be found and explored in this already very useful defect.
Following Manson et al., 6, 7 Figure 1 shows the schematic electronic structure of the NV center. The ground term is a spin-triplet of symmetry 3 A 2 in C 3v (irreps a 1 , a 2 , e) split by the spin-spin interaction into an A 1 symmetry |A 2 , S z 〉 level 2.88 GHz below a degenerate E pair |A 2 , S y 〉, |A 2 , S x 〉. 6, 10 Here Ŝ x S x ) Ŝ y S y ) Ŝ z S z ) 0; S z has A 2 symmetry while the pair S x , S y transform as E. There is a strong optical transition to an excited triplet term 3 E with a zero-phonon line (ZPL) of 1.945 eV (637 nm). 11 The axial spin-orbit interaction splits 3 E into three pairs of symmetry E, E′, and (A 1 , A 2 ): this last pair is then split by the spin-spin interaction. 6, 7 The ground term can be spin-polarized to its A 1 |A 2 , S z 〉 level by optical excitation at 532 nm (2.33 eV) to the vibronic sideband of the excited triplet 3 E. 4 We can use the larger photoluminescence intensity from the A 1 |A 2 , S z 〉 level than from the E pair |A 2 , S y 〉, |A 2 , S x 〉 to read-out the qubit. 5 The spin state is unchanged by electric dipole transitions, hence the focus on intersystem crossing (ISC) to the metastable 1 A 1 FIGURE 1. Electronic structure of the unstrained NV -center. The and 1 E levels arising from the 3 A 2 configuration to explain both effects.
The best mechanism so far proposed is by Manson et al.; 6,7 see Figure 1 (left). An NV center initially in the E x ) |A 2 , S y 〉 or E y ) |A 2 , S x 〉 levels of the ground state absorbs 532 nm radiation and then decays to the A 1 , A 2 or E levels of the 3 E term, assuming spin-projection is preserved. (Figure 1, right) . Unlike the triplets for which decent density functional theory (DFT) calculations exist, 8, 9, 12, 13 the singlets are of multireference character and calculations differ greatly in their energies and ordering. 8, 9 Despite the unreliability of calculations, it has been widely assumed that -spin-polarization. The atomic origins of these many-body levels are described in several papers. 8, 9, [12] [13] [14] Dangling sp 3 bonds a, b, c on the three carbon atoms and d on the nitrogen atom pointing toward the vacancy mix to form four molecular orbitals u, v, x, y with energy ordering u < v < x ) y. Both u and v are of symmetry a 1 while x, y transform as e. For the negatively charged defect NV -, we fill these orbitals with six electrons. The vacancy model assumes that occupying just these states in different ways gives the low-energy electronic structure. 15 Columns 1 and 2 of 18 His proposal was to take linear combinations of pure-symmetry multireference states to form single determinants of mixed symmetry and then use electron-gas E xc [F] only for these single-determinant energies E; these are usually accurate as the pair-correlation function is well-described. These wave functions are not eigenstatessE is an expectation value and a linear combination of the energies of the constituent puresymmetry statessbut if sufficient mixed determinants are formed from a given configuration, we can solve these linear equations for the pure-symmetry energies we desire. Applying this to the NV center, DFT can calculate total energies E of the excited determinants |vvxx〉 and |vvxȳ〉 which are constituents of the 1 E and 1 A 1 levels ( Table 1 , column 2) if we lower the wave function symmetry to C s (irreps a′, a′′) to allow independent occupation of x and y, while keeping the geometry of the C 3v relaxation. The true ∆E v are then estimated from the formulas (Figure 2 ). For it and C 284 H 144 N -, we compute the optimized DFT ground-state geometries in C 3v using the Becke-Perdew exchange-correlation functional and DZV(P) basis set from the TURBOMOLE suite of programs. 19 For C 42 H 42 N -we then reduce the number of active electrons by using effective core potentials (ECPs) and the double-(DZ) basis set on all carbons except the central three, where together with the nitrogen the DZV(P) basis set is used. Hydrogens are treated with a DZ basis set.
Before CI results are accepted, we must first show that C 42 H 42 N -with reduced basis set and ECPs is still a good model of the NV center in bulk diamond, as the center might either cease to exist or be greatly altered in such small clusters. Column 6 of Table 1 shows our DFT results for C 42 H 42 N -. The location of the singlets is remarkably unchanged; the main effect of the smaller cluster is a substantial lowering of the 3 E term by ≈0.6 eV within DFT. Examining DFT molecular orbital energies, we see a related decrease in the v T e gap, which shrinks by 0.4 eV for spinup and 0.6 eV for spin-down. 20 To quantify the effect of the reduced basis set and ECPs, we performed all-electron calculations using the DZV(P) basis set and found negligible change in ∆E v ( 3 E): the differences are due to the reduced cluster size. For the smaller cluster C 33 H 36 N -, Goss also finds a lower-than-average ∆E v ( 3 E), 8 though the smaller reduction suggests that the 3 E energy is quite dependent on cluster geometry. Although the v T e gap decreases, this tends to cancel in energy differences between the 3 A 2 , 1 E, 1 A 1 terms as they all arise from the configuration u Table 2 shows that DFT bond distances and angles are adequately described in C 42 H 42 N -: the single change is a 0.145 Å increase in the distance N-C V between the nitrogen and the three central carbons, possibly related to the decrease in the ZPL. Summarizing, the NV center persists in C 42 H 42 N -; singlet energies ∆E v ( 1 E) and ∆E v ( 1 A 1 ) are unchanged from bulk diamond, while the ZPL reduces with size.
The quality of the CI calculation also depends on the number, N CSF , of configuration state functions used in the expansion. We employ the Monte Carlo CI technique of Greer, 21 keeping CSFs whose coefficients obey |c i | > c min with c min ) 0.00025, which provides accurate results for ∆E v . 22 Convergence in c min was tested by running with the less accurate value c min ) 0.0005, giving N CSF ≈ 13000: on doing so the three vertical excitation energies ∆E v ( 1 E), ∆E v ( 1 A 1 ), and ∆E v ( 3 E) systematically decreased by the small amounts 0.034, 0.065, and 0.051 eV, respectively, giving us confidence in the predicted energy ordering. Column 7 of Table 7 and attributed to a 1 E T 1 A 1 transition, the difference probably being due to relaxation. However, relaxation is very unlikely to change the order of the singlets, leaving us with the clear conclusion that the 1 E is the lowest singlet and that spin polarization, key to the NV center's attractiveness, is caused by unknown physics.
That this ordering makes the most sense is shown by its consistency with DFT in three out of four calculations: our C 42 3 E > 1 A 1 . In conclusion we have determined the energies and order of the NV singlets using configuration interaction calculations. Because we find 1 E < 1 A 1 , straightforward application of symmetry arguments to the intersystem crossings now predicts S x and S y polarization, contrary to the experimentally measured S z . We deduce that some other, previously unknown, mechanism is working in the center to produce the key properties of qubit initialization and readout. Presently, the most likely candidate is coupling to nonsymmetric phonons, 11 followed by strain or electron-phonon terms beyond the Born-Oppenheimer approximation. Furthermore, the NV center in small nanodiamond clusters is chemically stable, motivating a bottom-up qubit approach, while optical properties will change significantly if the 3 E level drops below 1 A 1 as the cluster size is reduced. a Distances in angstroms and angles in degrees. C N are the three carbon neighbors of the nitrogen, C V are the three carbon neighbors of the vacancy. ∠C 3 -N-C N is the angle between the C 3 symmetry axis and an N-C N bond.
